Abl is a central regulator of multiple cellular processes controlling actin dynamics, proliferation, and differentiation. Here, we showed that knockdown of Abl impaired hepatitis C virus (HCV) propagation. Treatment of Abl tyrosine kinase-specific inhibitor, imatinib and dasatinib, also significantly decreased HCV RNA and protein levels in HCVinfected cells. We showed that both imatinib and dasatinib selectively inhibited HCV infection at the entry step of HCV life cycle, suggesting that Abl kinase activity may be necessary for HCV entry. Using HCV pseudoparticle infection assays, we verified that Abl is required for viral entry. By employing transferrin uptake and immunofluorescence assays, we further demonstrated that Abl was involved in HCV entry at a clathrinmediated endocytosis step. These data suggest that Abl may represent a novel host factor for HCV entry.
INTRODUCTION
Hepatitis C virus causes both acute and persistent infections and often leads to liver cirrhosis and hepatocellular carcinoma (Saito et al., 1990) . HCV is an enveloped RNA virus that belongs to the genus Hepacivirus within the family Flaviviridae (Giannini and Brechot, 2003) . HCV genome consists of 9,600 nucleotides and encodes a single polyprotein precursor of more than 3,000 amino acids. This polyprotein is processed cotranslationally and post-translationally by viral and host cellular proteases into 10 functional proteins, including three structural (core, E1, and E2), the p7 viroporin, and the six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Lindenbach and Rice, 2005) . Although HCV is a highly prevalent pathogen, a vaccine is not available yet. Recently approved DAAs, including boceprevir, telaprevir, sofosbuvir, and simeprevir are successful in treatment of certain HCV patients. However, therapy failure caused by the emergence of DAA-resistance associated variants still remains to be improved (Carlson et al., 2013 ). An alternative way to develop HCV therapy is HTAs. Targeting host protein has a high genetic barrier to resistance and the potential for pangenotypic antiviral activity. HCV relies on host cellular machinery for all steps of its life cycle. Blocking any step of the virus life cycle results in an efficient blockade of viral production, and thereby it could be a potential target for HCV therapy.
Hepatitis C virus enters the host cells by receptor-mediated endocytosis (Blanchard et al., 2006) . HCV entry is a multistep process that requires sequential interactions between viral proteins and host factors, including CD81, scavenger receptor class B type I (SR-BI), claudin-1 (CLDN1), occludin (OCLN), epidermal growth factor receptor (EGFR), and low-density lipoprotein (LDL) receptor (Monazahian et al., 1999; Scarselli et al., 2002; Bartosch et al., 2003; Brazzoli et al., 2008; Liu et al., 2009; Lupberger et al., 2011; Farquhar et al., 2012; Lindenbach and Rice, 2013) . Cellular kinases play a key role in the movement and uptake of virus (Zona et al., 2013) . Abl is a member of the non-receptor tyrosine kinase family which transduces diverse extra and intracellular signals to regulate multiple cellular processes controlling actin reorganization, cell proliferation, and differentiation (Reddy et al., 1983; Colicelli, 2010) . Recent studies showed that some pathogens exploit Abl kinase signaling to rearrange F-actin cytoskeleton and trigger phosphorylation of bacterial and viral effector proteins. Abl signaling has been reported to be involved in the diverse microbial invasion and release from host cells, actin-tail formation, pedestal formation, and host cell scattering (Woodring et al., 2003; Backert et al., 2008) . In the present study, we demonstrated that genetic knockdown or pharmacological inhibition of Abl impaired HCV propagation. We further showed that Abl tyrosine kinase-specific inhibitors, imatinib and dasatinib, selectively inhibited the entry step of the HCV life cycle. Moreover, we showed that Abl was specifically involved in clathrin-mediated endocytosis. These data suggest that Abl is a host factor required for HCV entry, and thereby it may be a potential target for the treatment of HCV infection.
MATERIALS AND METHODS

Plasmid Construction
To express recombinant HCV soluble E2 (sE2) (aa 384-661), C-terminal transmembrane region of E1 (aa 364-383) was included to increase protein expression level. Therefore, cDNA corresponding to the aa 364-661 was amplified by PCR using pH77S.3/Gluc2A as a template with following primer set (sense, 5 -ATG GAT CCA TGG TGG GGA ACT GGG CGA-3 ; antisense, 5 -ATG AAT TCC TCG GAC CTG TCC CTG TCT-3 ). PCR products were inserted into the BamHI and EcoRI sites of the plasmid pEF6A-Myc-6XHis (Invitrogen). The resultant plasmid is named as pEF6A-sE2-Myc-6XHis. To construct Abl expression plasmid, cDNA was synthesized from total RNAs isolated from Huh7.5 cells by using a cDNA synthesis kit (Toyobo) according to the manufacturer's instruction. Fulllength Abl was amplified by a primer set (sense, 5 -CGA AGC TTA TGT TGG AGA TCT GCC TG-3 ; antisense, 5 -CCT CTA GAC TAC CTC TGC ACT ATG TC-3 ) and PCR products were inserted into the HindIII and XbaI sites of p3XFlag-CMV10 vector (Sigma). A small interfering RNA (siRNA)-resistant Abl mutant was constructed by introducing two mutations at the siRNA binding site using a primer set (5 -TGT TGA TCC  TGT AGT GAT ACA CCC TCC CTT CGT GC-3 ; 5 -GCT  GAG ATA CGA AGG GAG GGT GTA TCA CTA CAG GAT CAA CA-3 ). Huh7.5 cells were transiently transfected with 2 mg of p3XFlag-Abl or p3XFlag-Abl-SR plasmid using polyethyleneimine (Sigma). PFK-Jc1 (Pietschmann et al., 2006) was kindly provided by Dr. Ralf Bartenschlager (University of Heidelberg).
Cell Culture
All cell lines were grown in Dulbecco's modified Eagles' medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin in 5% CO 2 at 37 • C. Huh7 cells harboring HCV subgenomic replicon derived from genotype 1b were grown as we reported previously (Nguyen et al., 2014) . Primary human hepatocytes were cultured in hepatocyte medium (ScienCell Research Laboratories) supplemented with 5% fetal bovine serum, 1% hepatocyte growth factor, and 1% penicillin/streptomycin in 5% CO 2 at 37 • C.
Chemicals and Antibodies
Both imatinib and dasatinib, tyrosine kinase-specific inhibitors, were purchased from Axon Medchem. Bafilomycin A1 and Texas Red conjugated transferrin were purchased from SigmaAldrich. Sofosbuvir (PSI-7977) was purchased from MedChem Express. Antibodies were purchased from the following sources: rabbit anti-Abl kinase antibodies, anti-phosphor-CRKL (Y207) antibodies, and anti-EGFR antibodies from Cell Signaling; anticlathrin heavy chain antibodies, and anti-CD81 neutralizing antibodies from BD bioscience; anti-β-actin antibodies from Sigma-Aldrich. Rabbit anti-NS5A, anti-NS3, and anti-core antibodies have been described elsewhere (Ngo et al., 2013) . HCV E2 antibody was a gift from Dr. Jean Dubuisson (Institut Pasteur de Lille). Transfection reagents used were either Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) or polyethyleneimine (Sigma-Aldrich).
Generation of HCV
Infectious HCVs were generated as we previously described (Park et al., 2015) with minor modifications. Briefly, the pFKJc1 plasmid was linearized at the 3 end of the Jc1 genome by MluI digestion. The pJFH1 E2p7-5A/5B-GFP plasmid (Lee et al., 2017) and pH77D plasmid (Yamane et al., 2014) were linearized at the 3 end of the HCV genome by XbaI digestion. Plasmids were purified by phenol-chloroform extraction. RNA transcripts were generated using T7 RiboMAX TM Express Large Scale RNA Production System (Promega). The generated HCV RNA was further purified by RiboEX LS (GeneAll) according to the manufacturer's protocol. Ten micrograms of in vitro transcribed genomic Jc1 RNA was mixed with 6 × 10 6 Huh7.5 cells in 0.4-cm gap cuvette and electroporated at 270 V and 950 µF using a BioRad GenePulser II electroporator. Cells were gently transferred to complete medium (low glucose DMEM containing 10% FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, 1 mM NEAA, and 10 mM HEPES) and plated on a 150-mm dish. At 24 h later, the medium was replaced with the fresh complete medium to remove dead cells. At 4 days after electroporation, the culture medium was collected, filtered through a 0.45-mm syringe-top filter unit (Milipore) and kept as a virus stock.
Preparation of HCV Pseudoparticles
HEK293T cells were transfected with human immunodeficiency virus type 1 (HIV 1) Gag-pol packaging plasmid, firefly luciferase reporter plasmid, and plasmid expressing HCV envelope protein derived from either genotype 1a (H77) or 2a (JFH1), or pVSV-G (Clontech, Mountain View, CA, United States) expressing the vesicular stomatitis virus (VSV) envelope glycoprotein G. Transfections were performed for 6 h using Lipofectamine 2000 as instructed by the manufacturer (Invitrogen). At 72 h after transfection, media containing HCV pseudoparticles (HCVpp) or VSV pseudoparticles (VSVpp) were collected by centrifugation at 1500 rpm and further clarified by passage through a 0.45 µm filters (Millipore, Bedford, MA, United States). HCVpp and VSVpp were further purified by using Amicon ultra-15 centrifugal filter devices with a 10-kDa cutoff (Millipore), and stored at −70 • C as a viral stock.
Production and Purification of sE2
HEK293T cells were transiently transfected with pEF6A-sE2-Myc-6XHis plasmid by using polyethyleneimine (SigmaAldrich) for 4 h according to the manufacturer's instructions. The culture media were replaced with DMEM supplemented with 2% fetal bovine serum. The culture media containing sE2 were harvested at 48 h after transfection and clarified by centrifugation at 2000 rpm, and then concentrated by Microcon (Millipore). To quantitate protein concentration of H77 sE2, media containing sE2 were incubated with Ni-NTA agarose beads (Quiagen) for 1 h at 4 • C. The sE2 was purified using an elution buffer 50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, 0.1% Tween 20 (pH 8.0), 1 mM PMSF, and protease inhibitor cocktail on Ni-NTA agarose columns (Quiagen) according to the manufacturer's instructions. The purified H77 sE2 was dialyzed by Slide-ALyzer G2 Dialysis Cassettes, 10K MWCO (Thermo Scientific). The protein concentration of H77 sE2 was determined by the Bradford assay (Bio-Rad).
Quantitative Real-Time PCR Analysis
Total RNAs were isolated using RIBO EX (Gene All) according to the manufacturer's instructions. cDNA was synthesized using the Reverse Tra Ace-α-cDNA synthesis kit (TOYOBO). Quantification of RNA was carried out using CFX connect TM real-time PCR detection system under the following conditions: 3 min at 95 • C, followed by 40 cycles of 95 • C for 10 s, 56 • C for 10 s, and 72 • C for 30 s. Seventy one cycles of 5 s, with 0.5 • C temperature increments from 60 to 95 • C, were used for the melting curves. The primer sequences used were as follows: HCV 5 UTR of genotype 2-specific primers (forward, TGA GTG TCG TAC AGC CTC CA; reverse, ACG CTA CTC GGC TAG CAG TC); HCV 5 UTR of genotype 1-specific primers (forward, TCT GCG GAA CCG AGT A; reverse, TCA GGC AGT ACC ACA AGG C), β-actin-specific primers (forward, GAC TTC CTG TAA CAA CGC ATC TCA TA; reverse, TGA AAA GCT CCG GGT CTT AGG), GAPDH-specific primers (forward, CGC TCT GTG CTC CTC CTG TTC; reverse, CGC CCA ATA CGA CCA AAT CCG) and Abl-specific primers (forward, TGA AAA GCT CCG GGT CTT AGG; reverse, TTG ACT GGC GTG ATG TAG TTG).
RNA Interference
siRNAs targeting Abl (#1, 5 -GAA GGG AGG GUG UAC CAU UUU-3 ; #2, 5 -AAC GGC UGA UGU GGA CUG UCU UU-3 ) (Xu et al., 2010; Murray et al., 2014) , CD81 (5 -AUC UGG AGC UGG GAG ACA AUU-3 ) (Brazzoli et al., 2008) , 5 NTR of Jc1 (5 -CCU CAA AGA AAA ACC AAA CUU-3 ), and the universal negative control siRNA were purchased from Bioneer. siRNA transfection was performed using the Lipofectamine RNAiMax reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer's instructions.
Immunofluorescence Assay
Huh7.5 cells cultured on glass slides were treated with either DMSO or imatinib for 2 h. Huh7.5 cells treated with negative control siRNA or Abl-specific siRNA were cultured on glass slides for 48 h. Cells were then incubated with Jc1 (MOI of 5) for 30 min. Cells were washed twice with cold PBS and then fixed with 4% paraformaldehyde. After three washes with PBS, fixed cells were blocked with 1% BSA in PBS for 1 h at room temperature. The cells were then incubated with mouse anticlathrin heavy chain monoclonal antibody overnight at 4 • C. After being washed three times with PBS, cells were further incubated with tetramethylrhodamine isothiocyanate (TRITC)-conjugated donkey anti-mouse secondary antibody (Jackson Immunoresearch Laboratories) for 1 h at room temperature. After two washes with PBS, cells were analyzed using the Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss, Inc., Thornwood, NY, United States).
WST Assay
Huh7.5 cells were treated with water-soluble tetrazolium salt (WST) reagent (Dail Lab). At 2 h after WST treatment, the absorbance was measure at 450 and 650 nm as reference wavelength using a VersaMax microplate reader (Molecular Devices).
TCID50 Assay
A 50% tissue culture infectious dose (TCID 50 ) assay was performed as we reported previously (Pham et al., 2017) .
Time-of-Addition Assays
Approximately, 3 × 10 3 Huh7.5 cells/well were seeded on 384-well plates. At 16 h after plating, cells were inoculated with JFH1 E2p7-5A/5B-GFP virus (MOI of 5) for 2 h at 4 • C for binding, and then washed twice with cold media to remove unbound viruses. Temperature was shifted to 37 • C and then cells were incubated with either DMSO, imatinib (10 µM), bafilomycin A1 (10 nM), sofosbuvir (2 µM), or CD81-neutralizing antibodies (2 µg/ml) for the indicated time points. At 72 h post-infection, HCV protein expression levels were quantified by measuring GFP positive cells.
Transferrin Uptake Assay
To investigate clathrin-mediated endocytosis, 5 × 10 3 Huh7.5 cells/well were seeded on 384-well plates for 16 h. Cells were washed and pre-treated with either DMSO or various doses of imatinib or chlorpromazine in serum-free DMEM. Cells were then incubated with 10 µg/ml Texas Red conjugated transferrin in serum-free DMEM supplemented with 1% BSA for 1 h at 4 • C. Temperature was then shifted to 37 • C for 20 min to allow cells to uptake transferrin. Cells were washed with PBS twice, and then fixed in 4% paraformaldehyde. Transferrin uptake was quantitated by measuring fluorescence intensity of internalized transferrin using ImageJ software.
Membrane Fluidity Assay
Huh7.5 cells were seeded on 96-well plates for 16 h, and then treated with either DMSO or various doses of imatinib or trifluoperazine for 2 h at 37 • C. Cells were incubated with dye for 20 min at 25 • C and then membrane fluidity was determined as reported previously (Parasassi et al., 1990) .
Statistical Analysis
Data are presented as means ± standard deviations (SD) (n = 3 or as indicated). Student's t-test was used for statistical analysis. The asterisks indicate significant differences ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
RESULTS
Abl Is Required for HCV Propagation
It has been previously reported that Abl tyrosine kinase is implicated in viral pathogenesis (Coyne and Bergelson, 2006; Sato et al., 2012) . To investigate the functional involvement of Abl in HCV propagation, Huh7.5 cells transfected with siRNAs were infected with Jc1 (genotype 2a). At 2 days postinfection, total cellular lysates were immunoblotted with the indicated antibodies. The positive siRNA targeting 5 UTR of HCV completely blocked HCV protein expression ( Figure 1A , lane 5). Similarly, siRNA mediated knockdown of Abl led to strong inhibition of both structural and non-structural HCV protein expressions ( Figure 1A, lanes 2 and 3) . We further showed that both intracellular and extracellular HCV RNA levels were also significantly decreased in Abl knockdown cells ( Figure 1B) . To further verify the role of Abl in HCV propagation, Huh7.5 cells transfected with siRNAs were infected with HCV H77D (genotype 1a). As shown in Figure 1C , knockdown of Abl impaired both intracellular and extracellular HCV RNA expression levels in HCV H77D-infected cells, further confirming that Abl is involved in HCV propagation. It has been previously reported that both imatinib and dasatinib specifically inhibit Abl kinase (Weisberg et al., 2007; Backert et al., 2008) . To demonstrate whether Abl kinase activity was required for HCV propagation, Huh7.5 cells treated with imatinib were either mock-infected or infected with Jc1 and then total cell lysates were immunoblotted with the indicated antibodies. We demonstrated that imatinib markedly inhibited HCV propagation at the levels of protein ( Figure 1D , upper panel) and HCV RNA ( Figure 1D , lower panel) in a dose-dependent manner. Consistently, HCV propagation was impaired in dasatinib-treated Huh7.5 cells ( Figure 1E) . One intriguing question was that total CRKL protein levels were slightly increased in both imatinib-and dasatinib-treated Huh7.5 cells. Nevertheless, both Abl inhibitors efficiently blocked CRKL phosphorylation. We also showed that both imatinib and dasatinib displayed no cell toxicity ( Figure 1F) . To further evaluate the cytotoxicity of siRNAs, Huh7.5 cells were transfected with the indicated siRNAs and cell viability was determined by a WST assay. As shown in Figure 1G , Abl siRNAs exerted no cytotoxicity to Huh7.5 cells. To rule out the off-target effect of Abl siRNA, we generated an siRNA-resistant Abl mutant. We first demonstrated that Abl protein expression was not impaired in siRNAresistant Abl mutant-transfected cells (Figure 1H , lane 6 in left panel). Using this mutant, we showed that exogenous expression of the siRNA-resistant Abl mutant rescued the HCV protein expression level. These data show that Abl is specifically required for HCV propagation. Using siRNA-resistant Abl mutant, we further verified that Abl was involved in HCV propagation by TCID50 assay (Figure 1H, right panel) . To finally prove the role of Abl in primary cells, primary human hepatocytes transfected with Abl siRNAs were infected with Jc1. As shown in Figure 1I , intracellular HCV RNA levels are significantly reduced in Abl depleted cells, further confirming that Abl tyrosine kinase activity is required for HCV propagation.
Abl Is Not Involved in the Replication
Step of the HCV Life Cycle
To investigate which steps of the HCV life cycle were required for Abl, Huh7 cells harboring HCV subgenomic replicon were transfected with the indicated siRNAs. At 72 h after transfection, total cell lysates were immunoblotted with the indicated antibodies. As shown in Figure 2A , silencing of Abl exerted no effect on protein expression levels in subgenomic replicon cells. To further confirm the effect of Abl on HCV replication, Huh7.5 cells were infected with Jc1. At 48 h postinfection, Huh7.5 cells were transfected with the indicated siRNAs and then total cell lysates were immunoblotted with the indicated antibodies. We showed that knockdown of Abl displayed no effect on HCV protein expression levels in Jc1-infected cells ( Figure 2B) . Consistently, intracellular HCV RNA levels were not altered in Abl knockdown cells ( Figure 2C) . Next, we explored the effect of chemical inhibition of Abl kinase on HCV replication. Huh7 cells harboring HCV replicon were either left untreated or treated with DMSO, or the indicated amounts of imatinib. At 72 h after inhibitor treatment, total cell lysates were immunoblotted with the indicated antibodies. CRKL is a well-known downstream effector of Abl (Ten Hoeve et al., 1994) . As shown in Figure 2D , phosphorylation levels of CRKL were efficiently suppressed by imatinib (lanes 3 and 4 in the left panel). However, Abl kinase inhibitor displayed no effect on HCV protein expression levels in replicon cells. Consistently, dasatinib had no effect on HCV protein expressions levels ( Figure 2D , right panel). To further verify the role of Abl in HCV replication, Huh7.5 cells infected with Jc1 were treated with Abl inhibitors. At 48 h after inhibitor treatments, total cell lysates were immunoblotted with the indicated antibodies. Figure 2E shows that Abl kinase activities were dramatically suppressed by either imatinib (left panel) or dasatinib (right panel). Nevertheless, both structural and non-structural HCV protein levels were not affected by Abl kinase inhibitor. Consistently, Abl inhibitors displayed no effects on intracellular HCV RNA levels ( Figure 2F) . Collectively, neither genetic knockdown nor chemical inhibition of Abl kinase displayed an inhibitory effect on HCV replication. These data suggest that Abl may be involved in other steps of the HCV life cycle. 
Abl Kinase Is Required for the Entry Step of HCV Life Cycle
To further investigate the possible involvement of Abl in HCV life cycle, we employed HCVpp entry assay. Huh7.5 cells transfected with the indicated siRNAs were inoculated with either HCVpp derived from JFH1 or H77 strain, or VSVpp. We demonstrated that silencing of Abl significantly decreased HCVpp entry of both strains but not VSVpp entry ( Figure 3A) . Next, we explored the effect of Abl kinase activity on HCV entry. For this purpose, Huh7.5 cells were treated with DMSO or the indicated concentrations of imatinib or dasatinib. As shown in Figure 3B , HCV entry was blocked by either imatinib (left panel) or dasatinib (right panel) in a dose-dependent manner. These data suggest that HCV may exploit cellular Abl for its entry to the target cells and Abl kinase activity is required for entry process. To determine more precisely which step of HCV entry was required for Abl kinase activity, we performed timeof-addition assays as we reported previously (Bush et al., 2014) by using the indicated inhibitors and neutralizing antibodies. Huh7.5 cells were incubated with Jc1 for 2 h at 4 • C and then temperature was shifted to 37 • C. Cells were then treated with either inhibitors or neutralizing antibodies for the indicated time intervals (Figure 3C, upper panel) . At 72 h post-infection, HCV entry was determined by measuring GFP positive cells as we reported elsewhere (Lee et al., 2017) . Bafilomycin A1, a wellknown endosomal inhibitor, blocks HCV entry (Baldick et al., 2010) , whereas CD81 is involved in binding step of the HCV infection (Brazzoli et al., 2008) . We demonstrated that anti-CD81 antibody exerted a time of half-maximal inhibition of entry (t 50 ) of 22.1 ± 4.5 min, whereas t 50 for bafilomycin A1 was 47.1 ± 2.3 min. Since t 50 for imatinib was 51.7 ± 2.7 min, the inhibitory effect of imatinib on HCV infection was similar to that of bafilomycin A1 ( Figure 3C, lower panel) . These data clearly indicate that Abl tyrosine kinase is required for the post-binding step of the HCV life cycle.
HCV Modulates Abl Kinase Activity
To investigate whether Abl kinase activity was modulated by HCV infection, Huh7.5 cells were treated with either DMSO or imatinib for 2 h and then infected with Jc1. At 10 min post-infection, total cell lysates were immunoblotted with the indicated antibodies. As shown in Figure 4A , phosphorylation level of CRKL was immediately increased by HCV infection and imatinib completely blocked HCV-induced CRKL phosphorylation, indicating that Abl kinase activity was upregulated by HCV infection. To further verify this result, Huh7.5 cells were either mock-infected or infected with Jc1 and then cell lysates harvested at various time points were immunoblotted with the indicated antibodies. As shown in Figure 4B , Abl kinase activity was unchanged in mock-infected cells (left panel). However, Abl kinase activity was increased more than twofold immediately after Jc1 infection and then leveled off slowly ( Figure 4B , middle and right panels). Since Abl kinase was activated at the entry step of the HCV infection, we further examined whether Abl kinase was also activated by HCV E2 protein. For this purpose, Huh7.5 cells were either mock-treated or treated with sE2 derived from H77 and then cell lysates harvested at various time points were immunoblotted with the indicated antibodies. Indeed, Abl kinase activity was markedly increased at 10 min after sE2 treatment ( Figure 4C , middle and right panels), whereas Abl kinase was not activated in mocktreated cells (left panel). These data suggest that HCV modulates Abl kinase activity via E2 for viral entry into the host cells.
Abl Is Involved in Clathrin-Mediated Endocytosis of HCV Entry
To investigate how Abl was involved in HCV entry, we performed membrane fluidity assay. Trifluoperazine is an inhibitor which abolishes HCV entry at the step of virushost cell fusion by altering membrane fluidity (ChamounEmanuelli et al., 2013) . As shown in Figure 5A , imatinib displayed no effect on membrane fluidity. On the other hand, membrane fluidity was significantly reduced by trifluoperazine. Since transferrin uptake reflects clathrin-mediated endocytosis, Huh7.5 cells were treated with Texas Red-conjugated transferrin and then transferrin uptake was determined by measuring fluorescence intensity. As shown in Figure 5B , transferrin uptake was significantly decreased by imatinib in a dose-dependent manner. Chlorpromazine, a drug that efficiently blocks clathrinmediated endocytosis, also significantly disturbed transferrin uptake in Huh7.5 cells. To further investigate whether Abl was involved in clathrin-mediated endocytosis of HCV, we performed immunofluorescence assay to detect clathrin in mock-infected or HCV-infected cells. Huh7.5 cells were infected with Jc1 for 30 min and then alteration of clathrin expression was analyzed. As shown in Figure 5C , clathrin was actively aggregated at 30 min post-infection in Jc1-infected cells as compared to mock-infected cells. However, imatinib treatment caused a reduction in clathrin aggregation in Jc1-infected cells. To further verify these results, Huh7.5 cells were transfected with either negative control siRNA or Abl-specific siRNA for 48 h and then infected with Jc1. At 30 min post-infection, cells were stained with clathrin antibody. As expected, silencing of Abl displayed no aggregation of clathrin in HCV-infected cells ( Figure 5D ). These data indicate that Abl kinase is involved at the step of clathrin-mediated endocytosis during HCV infection. Moreover, we provide data suggesting that Abl represents a new host factor for HCV entry.
DISCUSSION
The HCV life cycle is highly dependent on cellular factors for viral entry, replication, assembly, and virion release. Abl, non-receptor tyrosine kinase, is a master regulator of multiple cellular processes controlling actin dynamics, proliferation, and differentiation. Previous studies have demonstrated that Abl tyrosine kinase has been involved in entry of many viruses. Coxsackievirus triggers Abl and Fyn kinase activation to permit entry by movement of virus particle to the tight junctions (Coyne and Bergelson, 2006) . HIV-1 also exploits Abl kinase activity to promote F-actin rearrangement by stimulating Wave2 signaling at a post-hemifusion step (Harmon et al., 2010) . Ebola virus usurps Abl kinase to phosphorylate tyrosine 13 of VP40 for its own replication (Garcia et al., 2012) . Moreover, denguevirus entry is blocked by small-molecule inhibitors including Abl kinase (Schmidt et al., 2012) .
In the present study, we showed that knockdown of Abl impaired HCV propagation. We also demonstrated that HCV propagation was significantly disrupted by either imatinib or dasatinib, and inhibition occurred in a dose-dependent manner. Moreover, these Abl kinase inhibitors exerted no cellular cytotoxicity to Huh7.5 cells. These data indicate that Abl tyrosine kinase is required for HCV propagation. Imatinib and dasatinib are well-known drugs for Philadelphia chromosomepositive chronic myeloid leukemia (CML) to inhibit the activity of Bcr-Abl, a tyrosine kinase of Bcr and Abl fusion protein. Imatinib impairs Abl kinase activity by binding a distinctive inactive conformation of the activation loop of Abl (Schindler et al., 2000) , and dasatinib blocks Abl activation by binding an active conformation of kinase domain of Abl (Weisberg et al., 2007) . We next determined which step of the HCV life cycle required cellular Abl. We demonstrated that siRNA-mediated knockdown of Abl displayed no effect on HCV replication in both HCV replicon and HCV-infected cells. We further verified that chemical inhibition of Abl kinase had no effect on HCV replication, indicating that Abl was not involved in the replication step of the HCV life cycle. We therefore explored the possible involvement of Abl in HCV entry. Using HCVpp entry assay, we demonstrated that silencing of Abl expression impaired HCVpp entry of both JFH1 and H77 strains. Moreover, time-of-addition assays verified that Abl kinase activity was specifically involved in HCV entry.
Hepatitis C virus enters cells via clathrin-mediated endocytosis and fuses with the host membrane in the late endosome. Bafilomycin A1, an inhibitor of vacuolar H + -ATPase, impairs vesicle acidification and thus inhibits HCV infection. Similar to bafilomycin A1, imatinib also inhibited HCV infection at the entry step of the HCV life cycle. It has been previously FIGURE 5 | Abl is required for the clathrin-mediated endocytosis. (A) Huh7.5 cells were treated with either DMSO or the indicated concentration of imatinib or trifluoperazine for 2 h at 37 • C. Cells were further treated with membrane fluidity detection dye for 20 min at 25 • C and then wavelength was detected. Generalized polarization (GP) = (I405-I460)/(I405+I460), where I405 and I460 are the fluorescence intensity measured under wavelength 405 and 460, respectively. The asterisks indicate significant differences ( * * P < 0.01; * * * P < 0.001) from the value for the DMSO control. (B) Huh7.5 cells were incubated with serum-free DMEM in the presence of either DMSO or the indicated concentrations of imatinib or chlorpromazine. The cells were incubated with 10 µg/ml Texas Red-conjugated transferrin in serum-free DMEM supplied with 1% BSA for 1 h at 4 • C. The cells were fixed in 4% paraformaldehyde. Fluorescence intensity was determined by measuring the internalized transferrin using Image J. (C) (Upper panel) Huh7.5 cells were treated with either DMSO or imatinib for 4 h at 37 • C and then infected with Jc1 using an MOI of 5. The cells were then fixed in 4% paraformaldehyde and stained with anti-clathrin heavy chain and TRITC antibodies. Cells were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI) to label nuclei (blue). (Lower panel) Fluorescence intensity of clathrin was quantified by using ImageJ software. (D) (Upper panel) Huh7.5 cells were transfected with either negative siRNA or Abl-specific siRNAs for 48 h and then infected with Jc1 using MOI of 5. At 30 min post-infection, cells were fixed in 4% paraformaldehyde and stained with anti-clathrin heavy chain and TRITC antibodies. Cells were counterstained with DAPI to label nuclei. (Lower panel) Fluorescence intensity of clathrin was quantified by using ImageJ software.
reported that phenothiazine intercalates into cholesterol-rich domain of the target membrane and increases membrane fluidity. Thus phenothiazine inhibits HCV entry at the fusion step of virus and host cells (Chamoun-Emanuelli et al., 2013) . Trifluoperazine, a moiety of phenothiazine, significantly reduced membrane fluidity, whereas imatinib displayed no effect on membrane fluidity. These data indicate that Abl kinase has no functional involvement in membrane fluidity.
We next explored the possible involvement of Abl in clathrinmediated endocytosis of HCV. Clathrin-mediated endocytosis of transferrin is a constitutive process of trophic iron uptake. We therefore analyzed the effect of imatinib treatment on transferrin uptake. As reported previously (Cao et al., 2016) , chlorpromazine, a blocker for clathrin-dependent endocytosis, efficiently blocked transferrin uptake ( Figure 5B) . Here, we showed that imatinib treatment caused a significant reduction in transferrin uptake. This result indicates that Abl is involved in clathrin-mediated endocytosis. We further demonstrated that HCV-induced clathrin aggregation was inhibited by either chemical inhibition or siRNA-mediated silencing of Abl kinase. All these data indicate that Abl regulates HCV entry via clathrinmediated endocytosis.
Since knockdown of Abl impaired Abl kinase activity in HCVinfected cells, we wondered whether Abl kinase was activated by HCV. Surprisingly, Abl kinase activity was markedly increased at 10 min after Jc1 infection as compared with mock infection. Likewise, Abl kinase activity was markedly increased at 10 min after sE2 treatment as compared with mock treatment, suggesting that Abl may be activated via protein interplay between E2 and host entry factor. These data, together with time of addition assay, suggest that Abl may be activated after binding of HCV envelope to host CD81 to facilitate clathrin-mediated endocytosis. Taken together, HCV modulates Abl activity for viral propagation and thus Abl may be a host target for therapeutic intervention.
